The extent of structural brain damage and related cognitive deficits has been little described in alcohol-dependent individuals with preserved social functioning. Thus, we investigated the relationship between regional alterations, executive performance, and drinking history. Volumes of gray and white matter were assessed using magnetic resonance imaging voxel-based morphometry in healthy men and in detoxified alcohol-dependent men with good psychosocial functioning. Their executive performance was assessed using neuropsychological tests. Regression analyses were carried out in the regions in which volume differences were detected. Decreases in gray matter were detected bilaterally in alcohol-dependents in the dorsolateral frontal cortex (up to 20% lower), and to a lesser extent in the temporal cortex, insula, thalamus, and cerebellum. Decreases in white matter volume were widespread, being up to 10% in corpus callosum. The degradation of neuropsychological performance correlated with gray matter volume decreases in the frontal lobe, insula, hippocampus, thalami and cerebellum, and with white matter decrease in the brainstem. An early age at first drinking was associated with decreased gray matter volumes in the cerebellum, brainstem (pons), and frontal regions. Regional alteration in gray and white matter volume was associated with impairment of executive function despite preserved social and somatic functioning in detoxified patients. Besides involving frontal regions, these findings are consistent with a cerebello-thalamo-cortical model of impaired executive functions in alcohol-dependent individuals.
INTRODUCTION
Heavy alcohol consumption can lead to severe psychosocial impairments and affect nearly every organ system (DSM IV TR). Although there is a substantial literature regarding its incidence on structural brain damage (eg Fein et al, 2002; Hommer et al, 2001; Pfefferbaum et al, 1992) and neuropsychological function (Parsons and Nixon, 1998; Oscar-Berman et al, 1997) in detoxified alcohol-dependents, no study has explored its consequences in alcoholdependents with preserved psychosocial functioning.
In subjects with severe alcohol-dependence, computed tomography (CT), and magnetic resonance imaging (MRI) studies have consistently shown reduced gray and white matter volumes, with marked losses in the frontal lobes, the medial temporal, and parietal cortices, in subcortical structures (thalamus, caudate, and lenticularis nuclei) and in the cerebellar cortex (Brewer and Perrett, 1971; Jernigan et al, 1991; Pfefferbaum et al, 1992; Shear et al, 1996; Sullivan, 2003a; Sullivan et al, 2003b) . Thinning of the corpus callosum , reduced volume in the pons (Sullivan et al, 2003b) and in the cerebellar vermis were also reported.
Alcohol-dependence has been consistently associated with mild-to-severe neuropsychological impairments (Parsons and Nixon, 1998) . The selective alteration of executive functions, such as planning or problem solving, has been reported even in neurologically normal alcoholic patients (Oscar-Berman et al, 1997) . The signs of cognitive dysfunction may occur up to 10 years before alcohol-related neurological disorders appear (Tuck and Jackson, 1991) , and it has been suggested that chronic alcohol consumption may lead to early effects on cognitive operations that critically rely on frontal lobe function (Adams et al, 1993; Noel et al, 2001a) .
Despite marked decreases in the volume of the frontal regions during long-term severe alcohol-dependence, previous studies failed to show significant relationship between the volume of these regions and executive function deficits (Ratti et al, 1999; Wang et al, 1993) . However, these studies focused on particular brain regions, which may explain the lack of relationship found between volumes and neuropsychological deficits.
Nevertheless, relationships between brain function deficits and neuropsychological impairments have been previously reported in neurologically normal alcoholdependent subjects (Adams et al, 1993; Dao-Castellana et al, 1998; Noel et al, 2001a) . For example, Dao-Castellana et al (1998) observed in a PET study a significant relationship between the extent of left dorsolateral and medial prefrontal hypometabolism and lower reaction times in the Stroop test and lower verbal fluency performance.
Automated whole-brain methods are valuable techniques for investigating the relationships between brain morphometry and executive functions. There are at least three reasons for this. The first is that automated methods are not limited by observer-dependent factors. Second, this approach allows the volume of the subcortical regions, such as subcortical nuclei or cerebellum to be investigated, as non-frontal gray matter has recently been suggested to contribute to complex cognitive functions (Daum and Ackermann, 1995; Middleton and Strick, 2000; Schmahmann and Pandya, 1997) . Also, there have been few studies examining both the volume of these regions and the executive performance (Sullivan, 2003a) .
The final reason is that this approach allows the analysis of white matter to be included. It may be that cognitive impairment is also related to differences in the white matter . Only two studies explored the relationships between the volume of white matter and executive performances (Gazdzinski et al, 2005; Sullivan, 2003a) and no study addressed this issue in alcoholdependents preserved in social functioning.
In the present study, we used a whole-brain, voxel-based morphometry (VBM) approach and selected neuropsychological tests that assess executive functions, to (1) search for widespread decreases in gray and white matter volumes, (2) investigate executive functioning, and (3) look for relationships between regional volumes and drinking history and neuropsychological tests scores. We hypothesized that between-group regional volume differences would underlie executive performance impairment in alcohol-dependent group.
SUBJECTS AND METHODS
We included 31 patients with alcohol-dependence (DSM-IV criteria) and 28 healthy subjects. All were Caucasian, righthanded males. Patients were recruited on admission to detoxification or day-care units in two addiction departments of the Paul Brousse and Emile Roux hospitals in the Paris area (Assistance Publique, Hôpitaux de Paris).
A senior psychiatrist (CM, JLM, and HJA) interviewed and clinically evaluated patients, as well as examined their medical records and biological data. The medical consequences of chronic alcoholism on other organs may confound the association between brain morphometry and behavioral measures. Thus, as brain changes and cognitive deficits are partly secondary to liver damage in alcoholdependent patients with alcoholic cirrhosis (Arria et al, 1991) , we selected detoxified drinkers with no clinical evidence of brain dysfunction or medical conditions considered to be clinical indicators of severe alcoholism (eg alcohol-induced dementia or chronic liver disease). Patients were included if they fulfilled the following inclusion criteria: (1) patients must have had less than three periods of withdrawal because more than two periods of withdrawal may be associated with greater cognitive impairment in alcohol-dependent subjects (Duka et al, 2003) ; (2) patients had to have been detoxified for at least 3 weeks and to be abstaining as assessed by biological norms (normal levels of gamma-glutamyl-transferase (GGT) and normal levels of carbohydrate-deficient transferring (CDT); and (3) they must not have taken lorazepam or sedative medication for at least 7 days.
Exclusion criteria were: (1) signs or symptoms of malnutrition; (2) signs of liver dysfunction, assessed by an aspartate aminotransferase/alanin aminotransferase (AST/ ALT) ratio greater than two (Cohen and Kaplan, 1979) ; and (3) high scores on Hamilton anxiety and Hamilton depression scales (see Table 1 ).
We recruited healthy control subjects from the community facilities. Inclusion criteria were: (1) an alcohol consumption less than two equivalent standard alcoholic drinks per week and (2) a score less than or equal to five on the Alcohol Use Disorders Identification Test (AUDIT; Reinert and Allen, 2002) .
For both groups, exclusion criteria comprised being under 25 or over 65 years of age, being left-handed, non- Weissman and Bothwell, 1976) . The SAS-SR is a self-report questionnaire that evaluates daily functioning, and includes questions on social and leisure activities, relationships with the marital partner, children and extended family, and perception of economic status.
The study was approved by the Bicêtre ethics committee. After the nature and aim of the tests and the MRI scan were explained, written informed consent was obtained from each subject.
Neuropsychological Tests
Typically, all participants underwent the Mini Mental State Examination (MMSE; Folstein et al, 1975) and a battery of neuropsychological tests either on the day of or up to 3 days after the MRI examination. These neuropsychological tests included the following tests sensitive to frontal dysfunction (Rezai et al, 1993) . (1) The Trail Making Test Part B (TMT-B; Reitan, 1958) . This investigates visual-conceptual and visual-motor tracking skills, concentrating on psychomotor speed, divided attention, mental flexibility, and the ability to shift. The total time to complete the test was taken as the test score. (2) The Wisconsin Card Sorting Test (WCST; Heaton and Pendleton, 1981) . This assesses abstract thinking, cognitive flexibility, concept identification, hypothesis generation, and the ability to use response feedback information. Test scores of interest were the number of categories sorted and the number of persevering responses. (3) The Letter Fluency Test (LFT; Cardebat et al, 1990) . This assesses verbal fluency and the total number of correct words produced was taken as the test score. (4) The Stroop Color Word test (Treisman and Fearnley, 1969) . This concentrates on selective attention, perceptual interference, and information processing speed. An interference score was derived by subtracting the prediction of performance on the third task (based on the performance on the first two tasks) from the actual performance on the third task.
(5) The Letter-Number Sequencing test (Wechsler, 1981) . This assesses 'working memory' that is, the ability to simultaneously recall and organize similar or different types of stimuli. The examiner presents combinations of two to nine letters and numbers and asks subjects to repeat the numbers in ascending order and then the letters in alphabetical order (eg the correct response for 9-L-2-A would be 2-9-A-L). The number of reproduced digits was taken as the test score under the two conditions.
Brain Imaging
Image acquisition. All subjects underwent volumetric MRI brain scanning using a 1.5 T Signa imager (General Electric Healthcare, Milwaukee, WI) with a standard 3D T1-weighted inversion recovery fast-spoiled gradient-recalled sequence with the following parameters: axial orientation, matrix ¼ 256 Â 192 interpolated to 256 Â 256, 124 slice locations, 0.9375 Â 0.9375 mm 2 in-plane resolution, slice thickness ¼ 1.3 mm, TE ¼ 2 ms, TR ¼ 10 ms, TI ¼ 600 ms, flip angle ¼ 101, and read bandwidth ¼ 12.5 kHz. Owing to motion artifacts and other technical difficulties, only 26 patients and 24 healthy subjects were retained for MRI data analysis (Table 2) .
Image preprocessing. All MRI data were processed using SPM2 software (Wellcome Department of Cognitive Neurology, London) running on MATLAB version 7 (The MathWorks, Natick, MA).
MRI images were analyzed using the optimized approach of VBM developed by Good et al (2001) . This is a fully automated whole-brain technique that provides a voxelwise assessment of regional gray and white cerebral matter. VBM analysis includes following steps: First, study-specific templates of gray and white matter were created for automated segmentation and spatial normalization of the initial images. These templates were created from the images of alcohol-dependent patients and healthy subjects to ensure the data from both groups were treated equally during spatial normalization. All images were registered to the 'average 152' template of MNI (Montreal Neurological Institute) using an affine transformation (Ashburner and Friston, 2000) , and then segmented into gray matter, white matter, and cerebrospinal fluid (CSF) compartments. Only the gray and white matter images were retained for subsequent processing. Gray and white matter images were then averaged and smoothed using an isotropic 8 mm-FWHM (full width at half maximum) Gaussian smoothing function.
Subsequent image processing included the following steps: First, the native MRI scans were segmented into gray and white matter images then nonlinearly transformed with the corresponding study-specific template to derive the normalization parameters subsequently applied to the initial images. This step allowed optimal spatial normalization of gray and white matter to the customized gray and white matter templates and reduced the contribution of any non-brain voxels. Second, these native images were then resampled with third-order B-spline interpolation to a final voxel size of 1.5 Â 1.5 Â 1.5 mm 3 . Third, the normalized native images were segmented into gray matter, white matter, and CSF compartments. Fourth, a Jacobian modulation was applied by multiplying the voxel intensities by the Jacobian determinants derived from the nonlinear component of the spatial normalization step. This step allowed to compensate the voxel volume modification induced by nonlinear spatial normalization (Good et al, 2001) . Finally, the modulated images from alcohol-dependent and healthy subjects were smoothed with an 8 mm-FWHM isotropic Gaussian smoothing function. After smoothing, each voxel represents the local average amount of gray matter in the surrounding region, the size of which is determined by the smoothing kernel. Smoothing was carried out at 8 mm-FWHM in order to explore volumetric differences as well in cortical than in smaller subcortical regions.
Statistical Analyses
We tested the normality of the distribution of neuropsychological data using SPSS 8.0 software (SPSS Inc., Chicago, IL) and then converted the raw data to z scores by adjusting for age and years of education. As the data was non-normally distributed, we used non-parametric statistical tests. Statistical significance of the between-group differences was calculated by the non-parametric rank-based MannWhitney U-test (po0.05). A Spearman correlation analysis was used to examine the relationships between alcohol consumption variables and cognitive performance, with po0.05 taken as the statistical threshold.
Between-group analysis. Anatomical data were analyzed using the SPM2 software package (http://www.fil.ion.ucl.ac. uk/spm/). Between-group comparisons of gray and white matter were carried out on a voxel basis using the general linear model, based on random Gaussian field theory (Friston, 1995) . Differences in overall gray matter and white matter between groups were accounted for by entering age, years of education, and tobacco consumption variables as confounding covariates into the design matrix of the ANCOVA. The height threshold for comparison analyses was set at po5 Â 10 À3 FDR-corrected (false discovery rate) for gray and white matter with a spatial extent of 50 voxels. This FDR-corrected threshold ensures that on average no more than 5% voxels are misclassified as false positives among those voxels in the gray and white matter in which the null hypothesis is rejected (Genovese et al, 2002) . Significant peak voxels were reported in MNI template coordinates. Their regional location was obtained by overlaying the t-maps on the study-specific template and using the AAL (Tzourio-Mazoyer et al, 2002) and Brodmann atlases accompanying the MRIcro software package (Rorden and Brett, 2000) . In addition, percentage of reduction was calculated in regions where strong between-group differences were detected. These percentages of reduction were calculated with SPSS 8.0 software from data of gray/ white matter volumes in regions-of-interest extracted using the Marsbar toolbox (marsbar.sourceforge.net/) implemented in SPM2.
Regression analyses. We examined the relationships between anatomical data and alcohol consumption by regression analyses of the whole-brain imaging data of the alcohol-dependent group with subjects' age entered as a confounding variable. Complementary simple regression analyses between the anatomical data and neuropsychological test scores were carried out within the alcoholic group. Thus, linear regression analyses were carried out in each voxel that had been highlighted by the between-group analysis. SPM t-maps from the between-group comparison were used as a mask (Schmitz et al, 2006) , and only those scores from neuropsychological tests showing significantly altered performances were entered in the regression analyses. For regression analyses, an exploratory uncorrected statistical threshold was set at po0.001 with a minimal cluster size of 50 voxels. Furthermore, regression analyses between the anatomical data and neuropsychological scores were also carried out within the healthy control group with the same statistical threshold.
RESULTS
The drinking history variables of the alcohol-dependent group are presented in Table 1 . The mean age at first drinking occurred around early adulthood, whereas the reported mean age at onset of dependence was around 40 years of age. Patients had been treated for a chronic intoxication with decreasing doses of sedative medication (lorazepam) and B vitamins (B6 and B1). All patients had a fixed address. Most were active smokers. The groups were similar for mean age, body mass index, years of education and social functioning. The two groups did not differ for MMSE scores (see Table 2 ). Neuropsychological performance was impaired in alcohol-dependent subjects for the TMT-B, the WAIS-letter number sequencing, and WCST tests, but was unaffected for the LFT and Stroop interference tests (Table 2) . We found no co-variation between any neuropsychological score and age at onset of alcohol-dependence, daily alcohol consumption, and duration of dependence or of abstinence, tobacco use, depression scores, or any biological variable (CDT, GGT, AST, ALT, and AST/ALT).
Between-group comparisons of the neuroimaging data showed significant clusters of decreased gray matter volume bilaterally in dorsolateral frontal cortex extending to the anterior part of the parietal lobe, in the temporal and lingual cortices, in the cingulate and insula, and in subcortical regions such as the thalamus and the cerebellum (crus) (see Table 3 ). The volume of the dorsolateral frontal cortex decreased by up to 20% in patients with respect to healthy subjects (Figure 1 ). Between-group comparisons of white matter showed significant reduction in the corpus callosum, frontal, cingulate, temporal and cerebellar regions, and in the pons (Table 3 ). The maximum decrease was 10% in the corpus callosum. We found no region in which the gray or white matter volume was higher in alcohol-dependent group than in the healthy group.
Regression analysis of the different regions with alcoholconsumption variables revealed a positive relationship between age at first drinking and gray matter decreases in the right middle frontal gyrus (x ¼ 27, y ¼ 42, z ¼ À8, cluster size ¼ 127 voxels, Z ¼ 3.83), the brainstem (basal pons x ¼ 2, y ¼ À24, z ¼ À40, cluster size ¼ 544 voxels, Z ¼ 3.64) and bilaterally in the cerebellum (crus x ¼ À32, y ¼ À70, z ¼ À50, cluster size ¼ 507 voxels, Z ¼ 3.81; x ¼ 39, y ¼ À75, z ¼ À50 cluster size ¼ 415 voxels, Z ¼ 3.60) (Figure 2) . No other alcohol-consumption variable co-varied with regional differences in volume of gray or white matter.
Exploratory regional regression analysis between neuropsychological scores and gray matter volumes in alcoholdependent patients revealed a positive correlation between the WAIS-letter number sequencing scores and gray matter volume bilaterally in the cerebellum ( Regression analysis with WCST persevering errors score revealed a significant positive relationship with gray matter volume in the middle temporal gyri (bilaterally) (x ¼ 45,
Regional regression analysis between the neuropsychological scores and white matter volumes in alcohol-dependent patients revealed a positive correlation between performance on the WAIS-letter number sequencing test and white matter volumes in the left temporal cortex (x ¼ 54, y ¼ 8, z ¼ À24, 285 voxels, Z ¼ 3.14) and bilaterally in the brainstem (x ¼ À16, y ¼ À28, z ¼ À28, 230 voxels, Z ¼ 3.51; x ¼ 16, y ¼ À26, z ¼ À26, 237 voxels, Z ¼ 3.44). TMT-B performance positively correlated with white matter volumes bilaterally in the supramarginal region (x ¼ 60, y ¼ À32, z ¼ 27, 285 voxels, Z ¼ 3.40; x ¼ À56, y ¼ À42, z ¼ 26, 331 voxels, Z ¼ 3.29), the corpus callosum (x ¼ 0, y ¼ 27, z ¼ À2, 109 voxels, Z ¼ 3.32) and bilaterally in the brainstem
We found no relationship between the volumes of the different regions of white matter and WCST performance. 
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Finally, no significant relationship was found within the healthy control group between the regional volumes and neuropsychological scores.
DISCUSSION
We investigated differences in brain morphometry and the relationship between regional volume and neuropsychological impairment in detoxified alcohol-dependent subjects. The patients had no neurological, somatic or psychiatric complications and the onset of dependence occurred late in life. Furthermore, these patients showed no social function impairment as assessed by the SAS-SR, and were all in employment. This sample involved mainly Type A alcoholics as designated by Babor et al (1992) .
Neuropsychological performances revealed impaired executive functions in alcohol dependents. Also, the neuropsychological scores of the patients correlated with gray matter volumes in the frontal and temporal cortices, the insula, the hippocampus, the thalami, and the cerebellum, as well as with white matter volumes in the brainstem (pons and midbrain). No similar relationship were found between brain imaging and neuropsychological data in healthy control group. These findings suggest that brain damage and neuropsychological impairment exist, and are interrelated in abstaining alcohol-dependent patients with preserved social functioning. Furthermore, this pattern of correlations is characteristic of this alcohol-dependent group. The age at first drinking significantly correlated with the decrease in gray matter volume in the frontal cortex, the cerebellum and the brainstem. No other drinking history variables were significantly related to decreases in gray or white matter volumes.
The neuropsychological performance of the alcoholdependent participants showed that most executive functions were impaired, except for the Stroop and verbal fluency tasks. Although these two tasks are sensitive to frontal lobe damage, this pattern of impairment is consistent with previous studies of alcohol-dependent subjects (Noel et al, 2001b; Ratti et al, 2002) .
Some studies have suggested that cognitive performance worsens in direct proportion to the severity and duration of alcoholism (Beatty et al, 2000; Parsons and Nixon, 1998) . However, as in other studies, we detected no relationship between neuropsychological performance and drinking history or alcohol-related biological variables (Noel et al, 2001b; Schafer et al, 1991) .
The alterations in the volume of gray matter in the different brain regions of the patient in our study are consistent with those identified in previous neuroimaging studies using a regions-of-interest approach. They are also consistent with documented neuropathological abnormalities in neurologically normal alcoholics. Indeed, both macroscopic and histological abnormalities have been reported separately in fronto-parietal cortices, the cerebellum and subcortical regions (hypothalamus and thalamus) (Harper and Matsumoto, 2005) . In our study, we showed significant decreases in gray matter volume in all these brain regions using a whole-brain VBM approach and thus our approach was not limited only to analyzing particular regions.
We observed a maximum decrease in gray matter volume in the dorsolateral frontal cortex, reaching up to 20% reduction. Although the variable measured with VBM is different from neuron counting, the magnitude of the gray matter decrease in this region is consistent with results using histological approaches (Kril and Harper, 1989) . Our findings further support the 'accelerated ageing' hypothesis that suggests that the changes in the brains of alcoholdependent individuals mimic those found in older non-alcohol-dependent subjects. Consistent with this hypothesis, we observed structural changes in a sample of subjects with a mean age under 50 years in same areas as than those observed in elderly healthy subjects (Noonberg et al, 1985) . These results are most striking when considering that the alcohol-dependent subjects remained socially functional.
For alteration to white matter, abstaining alcoholdependent subjects had smaller white matter volumes than healthy subjects, notably in the frontal and temporal lobes, in cingulate, corpus callosum, pons, and in the cerebellum. The magnitude of the white matter difference in the corpus callosum (10%) was similar to that reported by Pfefferbaum et al (1996) and is consistent with most neuropathological studies (de la Monte, 1988; Harper and Kril, 1985; Kril et al, 1997; O'Neill et al, 2001) . Our results of widespread white matter deficits also agree with a recent report showing widespread alteration in diffusion tensor imaging and suggest that alcohol has a direct neurotoxic effect.
Age at first drinking was the only drinking history variable that correlated with a decrease in gray matter volume in the middle frontal cortex, brainstem (pons), and cerebellum. This suggests that these regions are more vulnerable to early-onset drinking, despite dependence occurring later. As the decrease in prefrontal cortex and in cerebellum size has also been observed in adolescents with alcohol-dependence, these regions may be the first to be affected by alcohol (De Bellis et al, 2005) . Furthermore, age at first drinking seems to play a crucial role in later substance dependence, as early alcohol use has been associated with abuse and dependence on licit and illicit substances later in life (Grant et al, 2006) . Thus, our results further add to the suggestion that the neurotoxic effects of alcohol may impede the maturation of these brain regions in adolescents. Nevertheless, we found no correlation between brain volumes and anamnestic or biological variables assessing alcohol exposure. Neither the duration, amount of alcohol intake, nor any biological variables co-varied with regional volumes. This suggests that a combination of rather than a single variable may be associated with alterations of brain morphometry. Further, longitudinal studies are needed to assess the impact of these alcohol-related variables.
For the relationship between brain volume and executive function, reductions in gray matter volume were primarily located in the frontoparietal regions and reductions in white matter volume were widespread, whereas we found that neuropsychological performance was related gray matter volume in several brain regions but only in one region for white matter region: the brainstem.
Impairment in TMT-B score correlated with decreases in gray matter volume in the frontal and temporal cortices, the insula, and the hippocampus. This test is considered to require the use of various higher-order cognitive functions and distributed networks. The TMT-B test is associated with cognitive demands on 'set shifting', 'cognitive flexibility' and a 'general attention component' (eg Zakzanis et al, 2005) . fMRI in healthy subjects showed that TMT-B engages the left frontal and temporal lobes, the cingulate cortex and the insula (Zakzanis et al, 2005) . Our results provide further evidence that the cognitive processes underlying the TMT-B performance occur in these brain regions.
Moreover, we observed that WCST scores of alcoholdependent patients co-varied with the gray matter volumes in the middle temporal gyri, thalamus, and cerebellum, but were not related to decreases in frontal gray matter volume. A lack of correlation between the morphometry of the prefrontal gray matter and WCST scores has been previously reported in alcohol-dependent subjects (Sullivan, 2003a) . Although the WCST is used as an executive test, these results suggest that brain shrinkage elsewhere from the frontal cortex may play a role in alterations in highorder planning performances. Our findings also suggest the subcortical nuclei play a critical role, as the volume of the thalamus co-varied with the WCST scores. fMRI studies in healthy subjects have shown that the thalamus underlies 'set shifting' during negative feedback (Monchi et al, 2001 ), a process that required during the WCST (Alexander et al, 1986) .
The working memory impairment of our patient sample, as assessed by the WAIS letter-number sequencing task, was correlated with decreases in cerebellum volume, which is consistent with this structure being involved in executive functioning (see Schmahmann and Pandya, 1997 for review) .
Although executive deficits in alcohol-dependent subjects co-varied with gray matter volume decreases in a widely distributed set of regions, WAIS letter-number sequencing and TMT-B performance was associated particularly with volume decrease in one white matter region, the brainstem. The brainstem includes large white matter bundles (ie the superior cerebellar and cerebral peduncles). Thus, white matter alterations of the brainstem may contribute to executive impairment.
Classically, executive performance impairment relates to frontal alterations (eg Smith and Jonides, 1999) . However, many brain region volumes that related to executive performances in the present patient sample involved nonfrontal regions forming part of the cerebello-thalamocortical circuit, reported to underlie, and modulate cognitive functions (Middleton and Strick, 2000; Schmahmann and Pandya, 1997) . Without ruling out frontal involvement, our findings are consistent with the theory of Sullivan (Sullivan, 2003a) in which the impairment of cognitive performance in alcohol-dependent subjects may be based on primary or modulatory influences from subcortical and brainstem structures. Our results further extend this hypothesis and suggest that subcortical shrinkage within cerebello-thalamocortical circuits may adversely affect frontal functioning. Although these regions may not affect perceptual processes, they would have a bottleneck effect on central decisionmaking processes (Sigman and Dehaene, 2005) .
The results reported here should be considered in light of certain limitations. First, the alcohol consumption data were collected retrospectively, and thus may sensitive to the subjectivity inherent in the anamnestic method. However, we detected no association between brain volume and alcohol consumption estimates, either with anamnestic variables or with objective alcohol-related biological variables. Second, the regression analyses of cross-sectional data do not allow for causal conclusions. Thus, any causal interpretation between regional brain shrinkage and poor neuropsychological performance should be dismissed. Furthermore, because this study is cross-sectional, we used the term 'decrease' in order to denote differences in brain tissue volume but here this term does not express a loss of volume overtime (Rohlfing et al, 2006) . Third, although the patients were studied after a long detoxification period, the present study was not designed to examine the duration of the changes in morphometry and executive performance. Therefore, we can say nothing regarding the putative irreversibility of the abnormalities. Finally, some limitations are inherent to the VBM approach, in particular to the spatial normalization step (Bookstein, 2001 ).
In conclusion, the present study has shown evidence of dorsolateral frontal reductions in brain volume and alterations of the cerebello-thalamo-cortical pathways in clinically and socially preserved alcohol-dependent individuals. We also detected a close relationship between decreases in regional brain matter volumes and neuropsychological impairments. Further longitudinal studies of brain function are needed to determine whether these morphometric alterations initiate degradation of executive functions.
